Study Design. A cross-sectional control-matched study in adolescents with idiopathic scoliosis (IS).
Altered shoulder kinematics can be a source of pain and dysfunction for subjects with idiopathic scoliosis (IS). [1] [2] [3] Change in shoulder kinematics has been associated with clinical symptoms, reduced functional capacity, and impaired quality of life. 4, 5 Postural abnormalities are often presented in subjects with IS and characterized as pelvic obliquity or tilt, shoulder tilt, and lateral shift of the upper thoracic vertebrae.
1,2 Among these abnormalities, asymmetry of the scapula has been suggested as a predicator of overall spinal curvature in these patients. 1 Thus, the degree of morbidity associated with altered shoulder kinematics is likely to be comparable with complex spinal curvature in subjects with IS.
Shoulder kinematics involves 3-dimensional movements of the humerus and the scapula, and change of shoulder kinematics is related to a variety of clinical conditions, ranging from minor impingement to shoulder dislocation. 4, 6, 7 Although postural abnormalities, asymmetries in the frontal or transverse plane, are often noted in subjects with IS, the static, or limited 2-dimensional assessment may be unable to reveal information that is important in the clinical decision-making process. During arm elevation, the humerus rotates around the scapula at the glenohumeral joint, and the scapula moves into posterior tipping and upward rotation movements at the scapulothoracic joint. 4, 6, 7 The result is a synchronized movement of the humerus and the scapula, described as the scapulohumeral rhythm. 8 Kinematic changes related to scapulohumeral rhythm have been observed in subjects with a diagnosis of glenohumeral instability. 9 Inadequate posterior tipping and upward rotation of the scapula during arm elevation have also been noted in subjects with shoulder impingement and shoulder dysfunction. 4 ,5 Thus, we hypothesized that shoulder dysfunction and altered kinematics related to clinical symptoms would be present in subjects with IS.
Alterations in shoulder kinematics may be related to a particular dysfunctional pattern of muscular coordination. In fact, during arm elevation, the humerus moves about a movable scapula by action of the scapulothoracic muscles. 10 These muscles stabilize the glenoid and locate the scapula dynamically for capable glenohumeral motion. Because subjects with IS are expected to have changed length-tension curves in scapulothoracic muscles, which may develop during adaptation to abnormal spinal curvature, 11 altered kinematics and shoulder dysfunction can occur. Specifically, scapular functional stability depends on the proper activation of scapulothoracic muscles, particularly the order of muscular onset. 12 Any small changes in this pattern of muscular dexterity can produce movement dysfunction at the glenohumeral joint, such as instability or impingement. 13 Therefore, we also hypothesized that inadequate activation of scapulothoracic muscles would be present in subjects with IS.
The purposes of this research were 3-fold: (1) to identify whether subjects with IS had shoulder dysfunction or not; (2) to determine altered shoulder kinematics and associated activation of scapulothoracic muscles in subjects with IS as compared to controls; (3) to verify whether the degree of shoulder dysfunction is related to altered shoulder kinematics and/or activation of scapulothoracic muscles in subjects with IS.
Materials and Methods
A cross-sectional research design was employed. Thirteen female subjects with idiopathic scoliosis and 13 age-genderdominant-hand-matched female subjects without scoliosis were recruited (Table 1) . For a 2-tailed test and a power of 0.80, we estimated 13 subjects for a 10 FLEX-SF functional score difference between the 2 groups from our pilot study. Inclusion criteria were (1) age of 12 to 25 years old; (2) adolescent idiopathic scoliosis not previously treated; (3) major thoracic curve with a Cobb angle exceeding 21°on an AP radiographic projection of the spine. Subjects who had concomitant cervical radiculopathy, evidence of bone spurs on radiographs, a history of surgery on the back or shoulders, traumatic injury, or pain during arm elevation were excluded. Each subject signed an informed consent form approved by an Institutional Review Board.
Instrumentation
The FASTRAK motion analysis system (Polhemus Inc., Colchester, VT) was used. This system includes sensors, a transmitter, motion capture units, a personal computer, and 6-D research software (Skill Technologies Inc., Phoenix, AZ).
The sensors for the system were attached to bony landmarks with adhesive tape. These surface sensor placements were the sternum, the flat superior bony surface of the scapular acromial process, and the distal humerus between the lateral and medial epicondyles. A fourth sensor attached to a stylus was used to digitize palpated anatomic coordinates (bony landmarks: sternal notch, xiphoid process, seventh cervical vertebra, 12 thoracic vertebrae, acromioclavicular joint, root of the spine of the scapula, inferior angle of the scapula, lateral epicondyle, and medial epicondyle; glenohumeral joint rotation center was operationalized by anterior humeral joint and posterior humeral joint). The absolute axes defined by the sensors were converted to anatomically defined axes derived from digitalized bony landmarks. Raw kinematic data were low-pass filtered at 6 Hz.
The surface EMG assemblies include pairs of silver chloride circular (recording diameter of 10 mm) surface electrodes (The Ludlow Company LP, Chocopee) with an interelectrode distance of 20 mm, and a Grass AC/DC amplifier (Model 15A12, Astro-Med Inc., RI) with a gain of 1000, a common mode rejection ratio of 86 dB at 60 Hz, and a bandwidth (Ϫ3 dB) of 10 to 1000 Hz. The sEMG data were collected at 2000 Hz/ channel using a 16-bit analog to digital converter (Model MP150, Biopac systems Inc., CA). The impedance of each electrode was measured with respect to the reference electrode using an impedance meter (Model F-EZM5, Astro-Med Inc., RI). Each electrode was controlled to impedance of less than 10 k[Omega]. Full bandwidth sEMG data captured by the data acquisition software (AcqKnowledge, Biopac systems Inc., CA) was reduced using a root mean square (RMS) algorithm to produce sEMG envelopes with an effective sampling rate of 20 samples.
Procedure
After signing the informed consent form, the subjects were examined by a physical therapist to establish the clinical conditions of their shoulders, including range of motion and the Flexilevel scale of shoulder function (FLEX-SF) questionnaire (Scores were recorded from 1, with the most limited function, to 50, without any limited function in the subject). Then the patients changed into sports bras. The sensors for the motioncapturing system were attached to the bony landmarks. Surface electrodes were placed over the upper trapezius (UT) muscle (two thirds of the distance from the spinous process of the seventh cervical vertebra to the acromion process), the lower trapezius (LT) muscle (one fourth of the distance from the thoracic spine to the inferior angle of the scapula with the arm elevated in the sagittal plane), the lower serratus anterior (SA) muscle (over the muscle fibers anterior to the latissimus dorsi muscle with the arm elevated 90°in the sagittal plane), and the middle deltoid (MD) muscle (halfway between the tip of the acromion and the deltoid tubercle).
14 The skin was prepared by aggressive scrubbing with alcohol pads. A reference electrode was placed on the distal ulna of the other wrist. Verification of signal quality was investigated for each muscle by having the subject perform a resisted contraction in manual muscle test positions specific to each muscle of interest. 15 Kinematics and EMG data were collected for 5 seconds in the resting seated posture with arms relaxed at the sides. Subjects were then asked to perform abduction with the scapular plane oriented 40°anterior to the coronal plane. 8 Three replicated movements were performed to the maximum motions. A tone signal was given when the subjects were to start the arm movement. An event-timer switch was used by the investiga- tor to mark the beginning of the arm movement. The event timer generated an electrical signal that was collected with the FASTRAK and EMG systems simultaneously. The high reliability of this approach has been described previously. 7, 16 All of the tests were made within the recommended space after calibration.
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Data Reduction
The original, full-bandwidth EMG data were reduced to an envelope of the activity using a root mean square (RMS) algorithm. Averages of activity during each analyzed event were computed from the RMS values. A vector was generated as RMS values from UT, LT, SA, and MD as response vector (RV). Magnitude was defined as the sum of RMS values from 4 muscles. Additionally, normalization of RV (formula) was conducted to represent muscle contraction pattern among 4 muscles during the task. Thus, similarity index (SI) was calculated as the inner product of normalization of RV and prototype RV, an average of the normalized magnitude number based on the collected data of every target trial of 13 healthy subjects. When the muscle contraction pattern was similar, SI value was close to 1; if the muscle contraction pattern was dissimilar, SI value was close to 0. This method has been validated previously. 18 -20 To determine muscle timing, it is necessary to determine when a muscle is
where R 1 ϭ upper trapezius, R 2 ϭ lower trapezius, R 3 ϭ serratus anterior, and R 4 ϭ middle deltoid, considered "active." A muscle was considered "active" when the level of muscle was greater than 3 standard deviations above the baseline reference. The baseline reference was a 100-millisecond period before the onset of the movement signal in the resting seated posture. The onset of muscle activity was determined for each muscle. The local coordinate system was developed from the digitized anatomic landmarks for the trunk and humerus and was used to describe clinically relevant motions of the shoulder. 6, 8, 16, 21 Humeral orientation relative to the thorax was described using an Euler angle sequence in which the first rotation represents the plane of elevation, the second rotation defines the amount of elevation, and the third rotation describes the amount of axial rotation. Scapular orientation relative to the thorax was described using an Euler angle sequence of rotation about Z s (protraction/retraction), rotation about Y' s (downward/upward rotation), and rotation about X s (posterior/anterior tipping). To quantitatively characterize shoulder and scapular kinematics, the scapulo-humeral rhythm and the scapular tilt at the humeral elevation of 120°were used as dependent variables.
Data Analysis
The Shapiro-Wilk test confirmed that the data were normally distributed. To determine the difference between the 2 groups, independent t tests were used to test EMG magnitude, similarity index, muscle activation time, scapulohumeral rhythm, scapular tilt, and FLEX-SF scores. A significant ␣ level of 0.05 was used. In subjects with scoliosis, Pearson product-moment coefficients of correlations were also used to correlate scores of FLEX-SF and EMG/kinematics (EMG magnitude, similarity index, scapulohumeral rhythm, scapular tilt). In general, a correlation coefficient (r) of 0 to 0.25 was considered to show little or no correlation, 0.25 to 0.50 to show a fair correlation, 0.5 to 0.75 to show a moderate to good correlation, and above 0.75 to show a good to excellent correlation.
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Results
The descriptive statistics for SI, EMG magnitude, muscle activation time, scapulohumeral rhythm, and scapular tilt for both sides and both groups are summarized in Tables 2 and 3 . Subjects with idiopathic scoliosis demonstrated significantly lower FLEX-SF scores compared with the control (P ϭ 0.01, Table 1 ). The shoulder on the convex side had dysfunction (a difference of 15) and supported our first hypothesis that subjects with idiopathic scoliosis would have shoulder dysfunction on the convex side of the spine.
A significant difference between shoulder kinematics was found. For the convex side, more anterior tilt of the scapula in resting position was identified (P ϭ 0.006, Table 2 ). There was no significant difference in scapular upward rotation in resting position, scapular posterior tipping, or scapulohumeral rhythm during movement between groups on the convex side. For the concave side, more scapular upward rotation in resting position was identified (P ϭ 0.01, Table 2 ). There was no significant difference in scapular tilt, scapular upward rotation, and scapulohumeral rhythm between groups on the concave side. Thus, the second hypothesis was partially supported.
A significant difference between EMG profiles was found. Less similarity was found on both the convex and concave sides. For the EMG amplitude, abnormal LT and SA muscular activities were established (higher LT contraction activity in convex side and lower LT and SA contraction activity in concave side, P ϭ 0.007 and less than 0.01 respectively, Table 3 ). For the muscle activation time, delayed onset was identified on LT, SA, and MD on the convex side (P Ͻ 0.01, Table 3 ), and delayed onset was identified on UT, LT, and SA on the concave side (P Ͻ 0.03, Table 3 ). Accordingly, altered muscular activation partially supported the second hypothesis. Associations were demonstrated in Figures 1 and 2 . A moderate positive association was found between scapular posterior tipping during movement and FLEX-SF functional score (R ϭ 0.51). A moderate negative association was found between LT muscular activity and FLEX-SF functional score (R ϭ Ϫ0.54). A fair positive association was identified between similarity index and FLEX-SF functional score (R ϭ 0.37). A fair negative association was identified between SA muscular activity and FLEX-SF functional score (R ϭ Ϫ0.28). Small associations were found between scapulohumeral rhythm, UT muscular activity, MD muscular activity and FLEX-SF functional score (R ϭ Ϫ0.01, Ϫ0.03, and 0.18, respectively).
Discussion
Because the thoracic spine, scapula, and arm are links in the kinematic sequence of upper quadrant movements, any dysfunction is believed to be associated with others among the links. [23] [24] [25] In our investigation, subjects with thoracic curve idiopathic scoliosis (IS) demonstrated moderate shoulder dysfunction (FLEX-SF: 35.5/50) on the convex side of the scoliosis curve. This shoulder dysfunction was also associated with scapula kinematics and muscular activities. For subjects with IS, deformities present at skeletal maturity will persist for life and may progress over time. In one study of 187 patients followed for more than 15 years, initial curvatures of 30°to 39°p rogressed 12°further. 26 Thus, our findings on subjects with IS (average curvature ϭ 34°) for shoulder dysfunction and associated scapular anterior tilt/muscular contraction coordination impairments are important to consider in rehabilitation of subjects with IS.
The scapula resting position results showed different tipping positions in subjects with IS as compared with controls. Our results are in agreement with previous studies that demonstrated asymmetry of the scapula in a group predominantly consisting of thoracic IS. 1, 26 Previous authors, however, did not determine the impairment relative to control. In our study, the scapula on the convex side of curvature was in a more anteriorly tipped position, whereas the scapula on the concave side was in a tipping position similar to that of controls. A more anteriorly tipped position would leave the anterior acromion in nearer proximity to the rotator cuff tendons and increase the likely for impingement. Although posterior tipping of the scapula occurred during arm elevation to prevent impingement under the anterior acromial edge, inadequate posterior tipping movement would result in impingement of the rotator cuff tendons. The finding of a positive moderate association between posterior tipping movement and FLEX-SF scores supports the impingement phenomenon.
As the main movement of the scapula, upward rotation of the scapula has been most frequently addressed in clinical treatment approaches and research studies. 4, 8, 10 Decreased upward rotation was believed to result in an inability to raise the lateral acromial edge of the scapula to obtain adequate clearance of the rotator cuff tendons during humeral elevation. In our study, an increased scapular upward rotation position was found on the concave side of the thoracic curvature. Subsequently, shoulder dysfunction did not occur on the concave side of the thoracic curvature. Although shoulder dysfunction was observed on the convex side of the thoracic curvature, we did not observe any difference in scapular upward rotation position and scapulohumeral rhythm during movement in a comparison of the convex side and the controls. Thus, shoulder dysfunction based on upward rotation of the scapula is not likely in subjects with IS.
Although the subjects with IS had altered muscular contraction strategies on both the concave and convex sides, increased muscular activities in the LT muscle on the convex side is important to consider in rehabilitation. Evidence suggests that raised concentrations of calmodulin, a calcium-binding protein, result in altered skeletal muscle activity, imbalances in force production of scapular muscles, and subsequent progressive curvature in subjects with IS. 27 In agreement with previous studies, delayed muscular onset and a lower similarity index were found on both sides in our study. The compensation strategies, however, are different on the 2 sides. The decreased LT and increased SA muscular activities are well balanced on the concave side because the kinematics, scapulohumeral rhythm, and shoulder functional status were not different from those in the controls. On the other hand, the increased LT, on the convex side, is believed to afford the muscular force to produce posterior tipping of the scapula and stabilize the scapular inferior angle against the thorax during humeral elevation. This phenomenon compensates for scapular anterior tilt in the resting posture on the convex side. The negative associations between LT muscular activities and functional ability scores from our data suggest that the increases in LT activation on the convex side were not able to adequately correct the anterior tilt position, resulting in a lack of posterior tipping and potential impingement and functional disability. Considering the hypothesized clinical importance of LT muscular activity as related to shoulder functional disability, the anterior tilt resting position and increased LT activity on the convex side in subjects with IS may be particularly relevant.
Limitations of the study should be noted. The skin motion artifact, which is associated with musculature and subcutaneous fat between skin and bone, is one limitation of a skin-based approach. Karduna et al 6 indicated that data collected with the acromion method would be acceptable if humeral elevation stayed below 120°. In light of this recommendation, we analyzed the data in arm elevations of less than 120°. Potential alteration of the EMG signal because of muscle movement and cross talk should also be considered. To prevent such alteration, the electrode placements were chosen to minimize the cross talk from muscles. As deformities present at skeletal maturity may persist for life and may progress over time in these subjects, results may be different in studies of subjects with progressive scoliosis. Furthermore, the major thoracic curves with average Cobb angles of 34°were relatively moderate, so subjects with more/less Cobb angle deformity might be expected to show more/less substantial shoulder functional disability as well as alterations in kinematics or muscle activity.
Key Points
• Subjects with idiopathic scoliosis had shoulder dysfunction on the convex side of the spine.
• More anterior tilt of the scapula in resting position and positive moderate association between posterior tipping movement and FLEX-SF scores supports the impingement phenomenon on the convex side of the spine. • Increases in LT activation on the convex side were not able to adequately correct the anterior tilt position, resulting in a lack of posterior tipping and potential impingement and functional disability in subjects with IS.
• An inadequate posterior tipping movement and high LT muscular activity on the convex side of the curve are important to consider in rehabilitation programs for subjects with IS.
